This article reviews the mechanism of tip-enhanced Raman spectroscopy (TERS) and its importance for characterizing graphene. The theoretical foundation of TERS and experimental implementation are discussed. Conventionally, Raman scattering is treated as a spatially incoherent process where the total signal is proportional to the scattering volume. However, in the near-field regime, the scattered fields can add coherently because the TERS interaction volume is on the same length scale as the phonon correlation length. These coherence effects are significant for two-dimensional materials as will be discussed theoretically and experimentally. Therefore, TERS provides an optical method to probe phonon correlations at the nanoscale. In addition, this article will review the TERS applications for characterizing defects, edges, and nanoscale strain in graphene. Finally, the outlook and future applications are discussed. Published 2017. This article is a U.S. Government work and is in the public domain in the USA.
Introduction
Raman spectroscopy is extensively used in characterizing the properties of graphene and the quality of graphene-based devices. This has been due in large part to the sensitivity of Raman scattering to structural and chemical properties. While Raman spectroscopy measurements are common in a wide range of organic and condensed matter systems, it is a particularly powerful technique for graphitic systems and is often implemented to measure defect density, [1, 2] strain, [3] [4] [5] [6] [7] [8] and electro-static doping. [9] Pristine graphene is characterized by two main Raman features: the G band ( 1580 cm 1 ) and the G 0 or 2D band ( 2700 cm 1 ); this work the latter peak will be referred to as the G 0 peak because 2D will be used for two-dimensional. The G band is a doubly degenerate first-order feature belonging to the E 2g irreducible representation. [10] This mode is a C-C stretch and is present in all sp 2 carbon systems. The strongest feature in graphene is the G 0 band, which is a second-order in-plane breathing mode and belongs to the A 1 irreducible representation. [10] The lineshape of the G 0 band is commonly used to determine the number of graphene layers as well as the stacking order. [11] [12] [13] The position and widths of the G and G 0 bands also characterize the electro-static doping [9] and mechanical strain. [3] [4] [5] [6] [7] [8] Another band that is frequently used to characterize graphene is the disorder-induced D band ( 1350 cm 1 ). It has the same mode symmetry as the G 0 band, but the momentum conservation is fulfilled by the electron-hole pair scattering off a defect instead of a second phonon. Because a defect is required for the D band activation, it is not detectable in pristine graphene crystals and is used to quantitatively determine the defect density as well as the type of defects present in the sample. [1, 2, 14, 15] One important class of defects in graphene is edges, which behave as line defects by breaking the translational symmetry of the crystal lattice. [16] [17] [18] The Raman process in graphene is discussed in detail in several review articles. [10, [19] [20] [21] [22] While the Raman studies of graphene have provided a detailed understanding of the physical properties of the material, the limited spatial resolution of conventional Raman spectroscopy is insufficient to study material properties at the nanoscale. As the footprint of devices continues to decrease, characterization at the nanometer scale becomes crucial. Furthermore, because the conventional Raman signal scales with the scattering volume, far-field superresolution techniques are impracticable for nanoscale Raman spectroscopy because of the signal strength. [23, 24] Both of these limitations can be overcome with tip-enhanced Raman spectroscopy (TERS), which allows for high spatial resolution imaging by locally enhancing the excitation and scattered fields. For graphene, TERS has allowed for nanoscale imaging of twisted bilayer graphene, [25] characterization of the number of graphene layers, [26] [27] [28] surface contamination, [29, 30] defects and edges, [29, [31] [32] [33] [34] strain, [35] [36] [37] [38] doping, [39] and plasmonic effects. [40] . In this article, the principles and applications of TERS for graphene are reviewed. The theoretical basis for the TERS process in graphene is discussed in the Tip-enhanced Raman Scattering section, including discussing the origin of the TERS signal and the scattering terms. The experimental implementation is presented in the Experimental Setup section. Applications of TERS of graphene including the theoretical formalism and measurements of the spatial correlations of phonons (Coherence Effects section), the characterization of defects and edges (Section on TERS Characterization of Edges and Defects section), and the measurement of local strain (Strain section) are discussed. Finally, the outlook for TERS in graphene and other 2D materials.
Tip-enhanced Raman scattering
The diffraction limit While optical measurements provide powerful insights into material properties, the spatial resolution is limited by diffraction and fundamentally restricts the applications for nanoscale studies.
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This issue is of increasing concern because of the ongoing miniaturization of devices and transistor gate-lengths. To understand this limitation, optical systems can be thought of as a low-pass filter for spatial frequencies with the filter edge being determined by the numerical aperture, NA D n sin Â , of the collecting lens, where n is the refractive index and Â is the half angle of the microscope objective. This limitation is generally referred to as the diffraction limit. For axially symmetric optical systems focusing plane waves, the full-width-at-half-maximum of the resulting focus is x D 0.51 =NA, where is the wavelength of the measured light, which gives a spatial resolution of a few hundred nanometers in the visible. This limitation has been circumvented for fluorescence samples by exploiting specific sample properties, such as saturation, photo-bleaching, and photo-switching in superresolution techniques such as stimulated emission depletion microscopy, [41] photo-activated localization microscopy, [42] and stochastic optical reconstruction microscopy. [43] However, these approaches are generally not suitable for nonfluorescent processes such as Raman. While there are proposals to adapt stimulated emission depletion-type superresoluiton approaches for Raman scattering, [44] [45] [46] these measurements will be limited by the signal-to-noise ratio at the nanoscale because far-field signal scales linearly with the scattering volume. [23, 24] The maximum resolution for a conventional optical system is achieved by collecting the entire half-sphere (NA D n sin 2 ) as can be seen by inspecting the definition of NA. As stated previously, this case is still insufficient for nanoscale optical measurements, which can be understood by considering the angular spectrum representation. In this representation, a monochromatic electric field at the sample, O E.k x , k y ; z D 0/, can be propagated to an arbitrary image plane using a 2D Fourier transform multiplied by the propagation term, e˙i kz z . The electric field, E.x, y, z/, in the image plane is then expressed as 
In other words, high spatial frequencies do not propagate away from the source. The region away from the sample that is dominated by the propagating fields from the source is referred to as the far-field, while the region close to the source containing the non-propagating evanescent fields is known as the near-field. It is important to note that far-field superresolution techniques do not increase the signal because the evanescent fields do not propagate to the far-field, which poses significant limitation for detecting signals from nanometer sources.
TERS concept
The resolution and signal limitations of conventional far-field microscopy can be overcome by detecting the near-field electric field components of the source. While there are a variety of methods to accomplish this task, the most common method utilizes a sharp metal tip in close proximity to the source to scatter the near-field components into propagating fields that can be detected in the far-field. In this case, the optical resolution is defined by the metal tip as opposed to the excitation wavelength, which means the optical resolution is a fabrication challenge opposed to a fundamental limitation as in conventional microscopy. Moreover, the tip serves to both increase the excitation field strength by localizing the field and enhance the signal by scattering out the near-field from the sample.
Because the tip scatters the near-field into the far-field, the near-field components are mixed with the far-field components. This challenge is overcome by ensuring that the enhancement is significant enough for the near-field components to dominate. However, there are many scattering terms present, which can be expressed as an infinite series as depicted in Fig. 1 . The lowest order term is the interaction of the excitation field with the sample (S), which is the conventional far-field Raman signal. In the presence of the tip, the excitation field can also induce surface plasmon oscillations in the metal tip. The induced surface plasmons cause a secondary field that results in localized enhancement of the excitation field. This secondary field induces Raman dipoles in the sample that radiate to the far-field. Because in this process the electric field interacts with the tip (T), followed by the sample, this process is referred to as the ST term. Alternatively, the excitation field can induce Raman dipoles in the sample that then interact with the tip by inducing surface plasmon oscillations at the frequency of the scattered light that reradiate into the far-field, which is known as the TS term. The ST and TS terms are interference terms between the far-field and near-field components. Finally, the excitation field can interact with the tip, followed by the sample, and finally with the tip again (TST), which is the conventional TERS signal. The terms in the expansion that need to be considered depend on the experimental setup and the sample, as well as the enhancement factor. For tips with significant enhancement, the TST term dominates, and the other terms can be ignored, which is the case for samples where S is small, as is generally true for 0D and 1D Tip-enhanced Raman scattering of graphene materials. However, for spatially extended samples, such as graphene and other 2D materials, both the ST and TS terms need to be considered. For a strongly focused radial beam, the out-of-plane z-component is significantly stronger than the in-plane components. Therefore, the excitation field interacts strongly with the tip, and the ST term dominates over the TS term. Therefore, the TERS process in graphene often can be represented by only considering the ST and TST terms for a strongly focused radial excitation (Fig. 3(a) ). For 2D materials, the S term can be significant, but it has no dependence on the tip-sample separation and therefore is a DC offset for the TERS signal. The case is similar for side illumination of the tip using a linear polarized excitation ( Fig. 3(c) ). The section on Coherence Effects provides the mathematical foundation for these calculations and the full derivation can be found in Cançado et al. [47] The additional scattering terms have important consequences for understanding the enhancement of the TERS process. Because the conventional TERS signal results from the TST term, the total enhancement factor in this case is determined by the enhancement of the excitation and emission fields,
, where f is the field enhancement factor and ! i and ! s are the optical frequencies of the excitation and scattered fields, respectively. However, this equation is not valid once the additional scattering terms are included for samples such as graphene. Therefore, the TERS enhancement in graphene requires more detailed calculations. The theoretical framework is discussed in the Coherence Effects section and in detail in Cançado et al. [47] In addition, these scattering terms can complicate the interpretation of the measurements. As an example, for 2D materials, S term can reflect off the tip, which causes an increased signal without any near-field contribution. However, the presence of the near-field signal can be verified by acquiring images that show sub-diffraction resolution or by measuring the dependence of the TERS signal on the tip-sample separation. Induced surface charge density on a metal tip. (a) Excitation electric field is polarized along the x-axis perpendicular to the tip shaft, and there is a node in the surface charge at the tip apex. (b) Excitation electric field is polarized parallel to the tip shaft (z-axis), which leads to a large charge density at the apex. Adapted from Novotny et al. [48] with permission. (c),(d) Calculated field distribution with the excitation field polarized along the z-axis (HG 10 mode) for a metal tip and a spherical metal particle, respectively, which results in a significant field enhancement. The spherical metal particle qualitatively agrees with the metal tip, indicating that metal tips can be treated as spherical particles. Adapted from Novotny and Hecht [50] with permission.
R. Beams
To maximize the field enhancement, the polarization of the excitation field must be considered. When the excitation field is polarized perpendicular to the metal tip shaft ( Fig. 2(a) ), the plasmon is delocalized along the tip and leads to a modest field enhancement. However, when the excitation field is polarized parallel to the tip shaft, the surface charge density at the tip apex is significantly larger because of the geometrical confinement and leads to a large field enhancement, as shown in Fig. 2(b) . This effect is commonly referred to as the lightning rod effect, where the tip apex behaves as a singularity and results in large secondary fields. The enhancement of the tip is determined by several factors, including the geometrical shape and the material, which determine the plasmon resonance of the tip. While the discussion thus far has emphasized extended metal tips, these are more difficult to treat theoretically. Figure 2 (c),(d) shows the calculated field distribution for an extended metal tip and a metal sphere excited with an electric field polarized along the z-axis. [49, 50] It is important to note that the two field distributions qualitatively agree, which means spherical particles can be used as an approximation for extended tips in calculations.
Experimental setup
The TERS microscopy combines Raman and scanning probe microscopy, such as atomic force microscopy (AFM) or scanning tunneling microscopy, which allows for a constant tip-sample distance of a few nanometers to be maintained. The same microscope objective is used for excitation and collection, and the resulting signal is sent to either a spectrometer and charge-coupled device or a single photon counting module in conjunction with a narrow bandpass filter (full-width-at-half-maximum < 10 nm) to select out the Raman mode of interest. The tip is positioned in the focus, and the sample is raster-scanned through the focus to build up images.
As illustrated in Fig. 2 , the tip needs to be excited using an electric field polarized along the tip shaft. There are three general experimental approaches, which are illustrated in Fig. 3 . The first method utilizes a high NA microscope objective for excitation and collection. This allows for the signal from the entire lower half space to be collected. In order to efficiently excite the tip, the incident electric field has to be oriented along the tip axis (z-direction). This can be accomplished by strongly focusing a radially polarized beam using a high NA objective, which leads to a strong z-field. It is important to note that a high NA objective is required to create the z-fields because they arise from polarization mixing in non-paraxial beams. Figure 3(b) shows the strength of the z-lobe as a function of NA for an oil immersion objective (n D 1.518) for linearly (black) and radially (red) polarized beams for the transmission geometry ( Fig. 3(a) ). This experimental approach is the primary focus of this review. In the second experimental approach (Fig. 3(c) ), the tip is illuminated from the side using linearly polarized light aligned along the tip axis. In this case, a high NA objective is not required to generate electric fields polarized along the tip axis. This approach has the advantage of allowing for measurements on nontransparent samples, such as silicon, as well as a simpler optical setup. However, because the illumination and collection are from the side, the collection angle is limited, and a large area on the sample is illuminated, which increases the far-field background and limits the collection efficiency. The third approach is top illumination with the tip at an angle. Similar to side illumination, this allows for the use of nontransparent substrates with the additional benefit of a simpler optical design and the potential to use higher numerical aperture objectives that increase the excitation and collection efficiency. The properties of the tip determine the resolution and enhancement of the TERS signal, and it requires fabrication to maximize the performance. Two examples of TERS tips are shown in Fig. 3(e) : an electro-chemically etched gold tip (left) [51] and a template striped silver tip (right). [52] For experimental applications of TERS on 2D materials, the excitation polarization and tip geometry shown in Fig. 3 are not ideal for coupling to the in-plane Raman modes of the material. However, this can be improved by reengineering the tip geometry. Despite this limitation, the results presented demonstrate that TERS is capable of resolving nanoscale features in graphene samples. Figure 3 (f ) shows a TERS image of the G 0 band of a single layer graphene crystal. As a comparison, a confocal image of the same region with the color contrast scaled by 3 is shown in the inset. [53] These images illustrate both the resolution improvement and signal enhancement of TERS. The signal enhancement as well as the spectral information from TERS is further illustrated by the Raman spectra with (red) and without (black) the tip presented in Fig. 3(g ), which were acquired in the center (black square in Fig. 3(f ) ) and at the edge (black circle in Fig. 3(f ) ) in the top and bottom panels, respectively. [53] These spectra show the two primary bands in graphene, the G and G 0 bands, as well as the D band localized at the edge of crystal. Figure 3 
Coherence effects
In conventional Raman scattering, the scattering process is generally treated as a spatially incoherent process, which means that spatially distinct locations on the sample are uncorrelated. Therefore, the signal from each location can be summed, and the total scattered signal, S, is proportional to the volume of the scatterer, V. This leads to the expression,
where is a unit vector defining the scattering polarization direction and˛is the polarizability tensor of the volume element. [23, 24] This approach has been justified from coherence theory because spatial correlations from an incoherent source smaller than =2 do not propagate into the far-field. [54] Therefore, Raman scattering at the macroscopic scale is spatially incoherent, because the spatial correlation length, L c , is typically an order of magnitude shorter than the wavelength of light. However, this approach is not valid once the near-field components of the light-matter interactions are included for scattering processes at the nanoscale. [55] [56] [57] [58] [59] [60] In this regime, the near-field signal contains information about the nanoscale sample correlations that are unobservable in the far-field. As a result of coherence effects in the near-field, Raman signal depends on the mode symmetry, the spatial confinement, and L c . Therefore, TERS allows for optical characterization of nanoscale spatial correlations, which govern many relevant properties for the progression of nanoscale devices. Raman coherence effects in the near-field were investigated theoretically in a number of studies [47, 51, 61] and experimentally in other studies. [51, 53] As discussed previously, in the near-field regime, Eqn (2) is no longer valid, and nanoscale correlations need to be included in the theoretical formalism. Figure 4 illustrates two individual wileyonlinelibrary.com/journal/jrs [51] with permission. Right: pyramid tip. Adapted from Beams et al. [52] with permission. (f ) TERS image of the G 0 band in single layer graphene. Inset: confocal image of the same area with the color contrast scaled by 3. (g) Raman spectra of graphene acquired in the center (top panel) and at the edge (bottom panel) of a flake with (red) and without (black) the tip. The locations are indicated by the black square and circle in (f ), respectively. Adapted from Beams et al. [53] with permission.
scattering events at locations r 1 and r 2 in the scattering domain D that is illuminated by an incident field E.!/. For scatterer separations jr 1 r 2 j significantly larger than L c , the scattered fields add incoherently at the detector as expected for far-field Raman scattering. However, on length scales smaller than L c , the scattered fields add coherently at the detector. In conventional far-field measurements, a large sample volume is probed, and therefore, the sample correlations on small length scales are averaged out. However, in the near-field, the interaction volume is localized, and nanoscale sample correlations manifest as interference in the scattered signal. Mathematically, this can be understood by considering a medium irradiated by a monochromatic field, E.!/, which leads to a scattered field, E s at frequency ! s , at the detector location, r 0 , which can be expressed as
where 0 and c are the free-space permittivity and speed of light, respectively. p .r/ is the induced Raman dipole associated with On length scales jr 1 r 2 j smaller than the phonon correlation length L c of a vibrational mode , the partial fields generated by the Raman dipoles p .r 1 / and p .r 2 / add coherently at location r 0 of the detector. For length scales larger than L c , there is no phase correlation between the scattering events; hence, the partial fields at the detector add incoherently. Adapted from Cançado et al. [47] with permission. 
where
accounts for the correlation between scattering dipoles at locations r 1 and r 2 . As discussed previously, the Raman process is generally treated as spatially incoherent, which means the correlation length can be replaced by a Dirac delta function ı.r 1 r 2 /. In this case, the integral in Eqn (4) is over the scattering volume and leads to Eqn (2). However, as the length scale of the light-matter interactions approaches the correlation length, as is the case for TERS, this is no longer valid, and the correlation function needs to be considered.
The sample correlations can be accounted for by using a Gaussian correlation function as an ansatz of the form
The incoherent case is represented by the limit that L c ! 0, which results in the term e
reducing to a delta function; for a fully coherent process (L c ! 1) that term is a constant. For coherent processes, the scattered fields from spatially distinct points within the correlation length can constructively or destructively interfere depending on the relative phase between the points, which is determined by the symmetry of the Raman mode being considered. The degree to which the fields within an interaction volume interfere is represented by the correlation function in Eqn (5). This means that the relative intensities of the Raman modes in the near-field can be significantly different than in the far-field. Beyond the impact of the mode symmetries, the dimensionality is also significant because it determines the number of lattice points that are added coherently in the process. In a related theoretical paper, the coherence properties of thermal phonons were investigated. [62] Graphene represents an excellent material to study spatial correlations using TERS because the three main Raman modes have different mode symmetries and dimensionalities. As discussed in the introduction, the G and G 0 bands have different symmetry, belonging to the E 2g and A 1 irreducible representation, respectively. In addition, the D band originates from defects and edges, which is 0D for point defects and 1D for edges. Therefore, the near-field Raman signal of graphene allows for the phonon correlations and spatial coherence of the Raman process to be studied in these varied cases.
In the near-field regime, the coherence effects for the G and G 0 bands are opposite, showing destructive and constructive interference, respectively. Figure 5 (a),(b) illustrates this difference for the TST term. As discussed earlier, the excitation field creates a vertical dipole along the tip axis, which in turn induces Raman dipoles in the sample. Depending on the relative phase between the locations on the sample, as determined by the Raman matrices, the local fields add constructively or destructively. The induced Raman dipoles for the G band have opposite phases, whereas they have the same phase for the G 0 band. For example, for the E 2g1 mode, the in-plane induced Raman dipoles in the x-direction are in phase with the excitation field, whereas the in-plane induced Raman dipoles in the y-direction are out of phase with the excitation field. For A 1 modes, all the induced Raman dipoles are in phase with the excitation field. [47, 53] The Raman scattering signal then excites a dipole at the tip at the frequency of the scattered light before scattering to the detector. Because of the phase differences in the two bands, the Raman fields add destructively and constructively for the G and G 0 bands at the tip, respectively. Because the interference effects are in the near-field and occur at the tip, they are only present in the TST term. Therefore, to measure the interference effects requires significant field enhancement to ensure the TST term dominates. Furthermore, the sharpness of the tip is important because the interaction area must be of similar spatial extent to L c . Finally, the measured interference effects are also dependent on the experimental geometry.
The near-field coherence effects were calculated in previous studies, [47, 51, 61] for carbon nanotubes and graphene using the formalism outlined in Eqn (4), and the rigorous details of the theory are presented in Cançado et al. [47] The near-field interference effects can be investigated by measuring the Raman signal as a function of the separation distance between the tip and the sample, z ts , because the signal transition from a conventional incoherent Raman signal in the far-field regime (z ts ! 1) into the near-field regime (z ts ! r tip , where r tip is the tip radius) is dominated by coherence effects. Note that z ts is defined as the distance of the effective tip dipole from the surface, which means the minimum tip-sample separation is r tip . Figure 5 0 nm) , the G and G 0 approach curves coincide. Despite the D band having the same symmetry as the G 0 band, the D band signal has a steeper distance dependence because the origin is lower dimensional (edge vs interior). As L c increases, the steepness of the distance dependence decreases for all the bands, and the interference effects manifest in the signals for the G and G 0 bands, as seen by the striking difference in Fig. 5(d) . [53] These curves indicate that L c can be determined by measuring the z ts dependence of the Raman signal. Figure 5 (e) shows an experimentally acquired approach curve at a graphene edge. Fitting the data with the theoretical curves (solid lines) gives L c D 30 nm for the three bands. [53] The measured phonon correlation length using TERS is in excellent agreement with the value extracted from nano-graphite samples. [63] Because L c is a fitting parameter in the theoretical treatment, this approach is suitable for a wide range of samples including characterizing the influence of defects, substrates, and stacking on L c . Furthermore, this treatment can directly be extended to other 2D materials.
wileyonlinelibrary.com/journal/jrs Beams et al. [53] with permission. [53] with permission.
TERS characterization of edges and defects
One of the most prominent applications for TERS for graphene is characterizing local defects. Generally, defects affect material properties, and therefore, identification and characterization of defects is crucial for optimizing device performance. Additionally, material properties are often controlled using substitutional doping, which can also act as defects in the material. Raman spectroscopy is particularly important for characterizing defects in graphene due to the disorder-induced D band, which is a defect allowed Raman mode. The D band has the same symmetry as the G 0 band, but instead of two phonons being involved in the scattering process, a defect fulfills the momentum conservation to make the process Raman active. In this section, two types of defects will be reviewed: edges and point defects. Conventional Raman spectroscopy has been used to explore these two types of defects in great detail, which has allowed for the defect density, edge chirality, and defect type to be quantitatively determined.
Edges
Graphene edges can be viewed as a unique type of defect, because the edge breaks the translational symmetry of the graphene lattice. To fulfill the momentum conservation requirement for the Raman process, the edges also have to have armchair chirality with the excitation polarization aligned with the edge. In contrast, the momentum vector for zig-zag edges is in the wrong direction to conserve momentum. [16] Therefore, Raman spectroscopy provides a powerful method to characterize graphene edges and has been extensively used. [16] [17] [18] [64] [65] [66] [67] For this process to be Raman active, the excited electrons have to scatter off the edge. The length scale over which the process is Raman active is determined by the coherence length of the electrons involved in the scattering process. By utilizing prior information about the sample, this length scale has been measured using conventional Raman spectroscopy to be 5 nm, [18] which is in excellent agreement with the estimates using the lifetime of the photo-excited electron. [17] While these approaches have measured or estimated fundamental material properties, they are still diffraction limited and are unable to spatially map edges at the nanoscale. However, TERS is well suited to measure the D band at edges as has been demonstrated. [28, 30, 31, 33, 38, 53, 68] Figure 6 (a) shows the topographic image of a graphene crystal. The corresponding TERS image with the D (green), G (blue), and G 0 (red) bands overlaid is shown in Fig. 6(b) . These images of graphene edges show that the D band is highly localized [31, 38, 53, 68] as expected from the far-field Raman measurements. In addition to the localized D band at the edge, there is also an intrinsic line defect that is visible in the TERS image. Spectra acquired with (black) and without the tip (red) at the labeled locations are shown in Fig. 6 (c) and demonstrate the ability of TERS to enhance weak D band signals from localized defects. Detailed characterization of the TERS hyperspectral linescans for the intensities of the G and D bands (Fig. 6(d) ,(e), respectively) showed that the D band localization at an edge is 4 nm, [31] which is in excellent agreement with the far-field measurements. [18] These results also demonstrate that TERS measurements are suitable to characterize grain boundaries or edges in stacked heterostructures.
R. Beams Adapted from Su and Roy. [31] with permission.
Localized defects
Device performance is often limited by defects in the material. Point defects have been extensively characterized using conventional Raman spectroscopy including the spatial extent of the Raman active area [1] and quantifying the defect density from the ratio of the D and G band intensities. [1, 2, 69] Similar to edges, the spatial extent of the D band around a point defect is 5 nm. However, because a point defect has a radius of a few nanometers, the D band signal from a single point defect is insufficient to measure using conventional Raman spectroscopy. Therefore, TERS provides both the resolution and signal enhancement required to study single point defects.
Single point defects created in graphene by ion bombardment were characterized using TERS in Mignuzzi et al. [32] The topographic image of a graphene crystal is shown in Fig. 7(a) . By using TERS, highly localized point defects were imaged as shown in Fig. 7(b) . Because the signal from single point defects is very low, the signal enhancement from TERS is necessary to image single point defects. This is illustrated in Fig. 7(c) , which shows spectra with the tip on a defect (red), off a defect (blue), and without the tip present (black). [32] In this case, the signal increase for the D wileyonlinelibrary.com/journal/jrs [32] with permission.
band due to the presence of the tip is much larger than for the other bands, because the D band is originating from point defects with minimal confocal Raman signal. In contrast, the G and G 0 bands are active over the entire sample, which leads to an appreciable confocal Raman signal and a more modest signal increase. These measurements demonstrate that TERS is well suited to characterize single defects in graphene, which are not observed in conventional Raman spectroscopy. Similarly, the intrinsic defects from growing graphene on copper as well as surfaces adsorbates were studied in Stadler et al. [29] These studies demonstrate the ability of TERS to identify nanoscale defects, which could not be imaged using conventional Raman spectroscopy. Furthermore, TERS has the ability to measure the local properties of different defect types, which would strengthen the conventional Raman studies of defects. By combining the detailed understanding of the Raman signatures of different types of defects, such as point-defects, grain-boundaries, and edges, with the spatial resolution and sensitivity of TERS can facilitate quantitative defect characterization at the nanoscale. 
Strain
An additional application for TERS is to characterize the strain in graphene. The performance of graphene devices often depends on the mechanical strain, which includes device performance degradation from unintended strain as well as a method to controllably modify the material properties. Material strain, including graphene, is frequently characterized using Raman spectroscopy. The two most commonly studied types of strain are uniaxial and biaxial. Under compressive (tensile) strain, the G and G 0 bands blueshift (redshift). In the case of uniaxial strain, the G band splits into two peaks, and the G 0 band widens or splits, [3] [4] [5] 8] whereas for biaxial strain, the widths are unaffected. [6, 7] However, the resolution of conventional Raman spectroscopy is insufficient to characterize nanoscale strain. While AFM-based force-displacement techniques have been extensively used to study the mechanical properties with localized loads, [71] this approach requires suspended samples and therefore cannot characterize the static strain intrinsic to samples or as a result of fabrication. There has been work combining scanning force-displacement measurements with conventional Raman scattering, which validates the complimentary aspects of these two characterization R. Beams 
The fit is shown in red, and the total strain profile, , is shown in blue. A strain of = 0.37 % was used for fitting the Raman data. Adapted from Beams et al. [38] with permission.
methods. [72] Nanoscale strain in graphene has also been investigated theoretically. [73] TERS on graphene allows for the intrinsic strain to be characterized with resolution at the nanoscale, which has the potential to provide powerful insights into local properties of devices.
The ability of TERS to characterize local intrinsic strains was demonstrated in Beams et al. [38] using the transmission-based TERS setup described in Experimental Setup section. As shown in Fig. 8(a) , a 5 nm particle underneath the graphene exerted a local radial strain on the graphene. Because the small particle applies a local force on the flake, this type of strain is analogous to force-displacement measurements where the AFM tip has been replaced by the particle. Therefore, the Raman measurements can be compared with force-displacement results. Because of the size of the particle, the strain was unobservable using conventional Raman spectroscopy, which provides an excellent demonstration that TERS can measure nanoscale strain in graphene.
The topographic image of the graphene, particle, and folded region is shown in Fig. 8(b) . To characterize the strain, a hyperspectral line scan was acquired tail to head along the white arrow, and the position of the G and G 0 bands is shown in Fig. 8(c) ,(d). Both bands redshift (solid black vertical line) as a result of the strain, as expected for radial tensile strain. The folded region in Fig. 8(b) (white dashed lines) , which is topographically thicker, is also clearly seen in the position of the bands between the dashed vertical lines in Fig. 8(c)-(e) . The ratio of D band amplitudes with and without the tip is shown in Fig. 8(e) , and a strong D band is seen localized at the edges of the folded region as expected. Fitting the shift in the G 0 position, !, shows that ! / r / r 2=3 , where r is the radial strain along the radial direction r in-plane from the particle. As discussed previously, these results illustrate that TERS can be used to characterize intrinsic strain in material at the nanoscale, which is of great importance for device applications.
Outlook
TERS is a powerful technique for characterizing graphene properties at the nanoscale. As discussed, it has provided important insights into the localization of defects [29, 32, 34] and edges [31] as well as imaging of contaminants [29] and mechanical strain [38] with nanometer resolution. These results focusing primarily on illustrating the capabilities of TERS to study graphene demonstrate that TERS is capable of characterizing the chemical and structural properties of graphene at a resolution that is relevant for nanotechnology. Furthermore, with the growing emphasis on Van der Waals heterostructures with graphene, boron nitride, and transition metal dichalcogenides, it is increasingly important to implement techniques capable of studying the boundaries and interfaces of these stacked structures.
As discussed in section on Coherence Effects, TERS also provides optical access to the spatial phonon correlations that are inaccessible in conventional Raman scattering. [47, 51, 53, 61] This opens new possibilities for TERS to study fundamental material properties that cannot be accessed using other optical techniques, such as the impact of dopants, strain, defects, and processing on the phonon correlations. Coupled with transport measurements, this provides a detailed understanding of the material that will aid device applications. While this was only demonstrated for graphene, it can be applied to other low dimensional materials including transition metal dichalcogenides, nanotubes, and more complex hybrid materials.
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